During the last few decades, evidence has demonstrated that adult neurogenesis is a well-preserved feature throughout the animal kingdom. In birds, ongoing neuronal addition occurs rather broadly, to a number of brain regions. This review describes adult avian neurogenesis and neuronal recruitment, discusses factors that regulate these processes, and touches upon the question of their genetic control. Several attributes make birds an extremely advantageous model to study neurogenesis. First, song learning exhibits seasonal variation that is associated with seasonal variation in neuronal turnover in some song control brain nuclei, which seems to be regulated via adult neurogenesis. Second, food-caching birds naturally use memory-dependent behavior in learning the locations of thousands of food caches scattered over their home ranges. In comparison with other birds, food-caching species have relatively enlarged hippocampi with more neurons and intense neurogenesis, which appears to be related to spatial learning. Finally, migratory behavior and naturally occurring social systems in birds also provide opportunities to investigate neurogenesis. This diversity of naturally occurring memory-based behaviors, combined with the fact that birds can be studied both in the wild and in the laboratory, make them ideal for investigation of neural processes underlying learning. This can be done by using various approaches, from evolutionary and comparative to neuroethological and molecular. Finally, we connect the avian arena to a broader view by providing a brief comparative and evolutionary overview of adult neurogenesis and by discussing the possible functional role of the new neurons. We conclude by indicating future directions and possible medical applications.
Introduction
Neurogenesis has traditionally been viewed as a strictly developmental phenomenon. The structure of the adult brain had been viewed as being stable, with each neuron morphologically fixed and irreplaceable within the existing circuitry. In this sense, the adult brain was viewed as being able to process extensive information without requiring any structural changes, but liable to lose information if disrupted. However, an ever-expanding body of evidence has demonstrated that new neurons are generated in adulthood. It is now widely accepted that adult neurogenesis is a well-preserved feature throughout the animal kingdom, occurring in a variety of systematic groups, both invertebrates and vertebrates, and including humans.
Most of our knowledge on adult neurogenesis is based on studies focused on mammals and birds. In mammals, there is strong evidence that new neurons are added to the dentate gyrus (DG) of the hippocampus (HC) and the olfactory bulb (OB) (for reviews, see Goldman, 1998; Alvarez-Buylla & Garcia-Verdugo, 2002; Gage, 2002) . In contrast, in birds, ongoing neuronal addition occurs rather broadly, to a number of regions in the neostriatum, as well as in paraolfactory and parahippocampal regions (Goldman & Nottebohm, 1983; Nottebohm, 1985; Alvarez-Buylla et al., 1990; Barnea & Nottebohm, 1994; Lipkind et al., 2002) .
The current review attempts to put together the rapidly accumulating knowledge concerning some aspects of adult neurogenesis in birds. It starts by presenting adult neurogenesis as a multistep process rather than a single event. This process includes cell proliferation, cell migration, and cell fate. Adult neurogenesis differs from developmental neurogenesis in that it produces fewer neurons, it occurs in fewer brain regions, and it produces a more limited selection of neuronal cell types. We then review some (although not all) of the external and internal factors that are known to regulate this dynamic process, and touch upon the as yet rather poorly investigated question of its genetic control.
The fourth section of this review describes some models that are being used to study adult neurogenesis in birds. The classic and most investigated one is the song control system of songbirds, which includes some regions, such as the high vocal center (HVC) , that are robustly neurogenic, exhibit well-described hormonal responsiveness with discrete anatomical concomitants, and are associated with a welldescribed and readily quantifiable behavioral output -song. As song is a learned behavior in many bird species, this model enables identification of permissive conditions for migration and integration of new neurons in the adult brain, and provides insights into the neural mechanisms of learning. More recently, additional models, such as food caching and social interactions, have contributed to our understanding of the interplay between brain and behavior. These models are being used as a system where observations of naturally occurring behaviors delineate a series of questions of general relevance to learning in a context where it is highly tractable to the elucidation of neuronal mechanisms. We continue by discussing several methods that are commonly used in birds for in vivo detection of newly generated cells and for resolving the stages of neuronal lineage commitment.
The last three sections attempt to connect the avian arena to a broader view on adult neurogenesis. We first provide a brief comparative and evolutionary overview of this phenomenon in both invertebrates and vertebrates. In both taxonomic groups, adult neurogenesis occurs in brain structures that exhibit a high degree of structural plasticity and display analogies, because in both groups these structures receive numerous types of sensory information and play a central role in learning and memory processes. Despite the vast number of studies on adult neurogenesis, the functional role of newly formed neurons is still questionable, and the seventh section discusses several of the suggested hypotheses. We conclude our review by indicating future directions that might provide a better understanding of adult neurogenesis, and touch upon the issue of possible medical applications.
Basic processes
The discovery that new neurons are born in adult brains and incorporated into functional circuits has fundamentally altered our view of brain function. Much of what is known about the origin and migration of new neurons in the adult avian brain, from the ventricular zone (VZ) (a zone lining the lateral ventricles) where they originate, to the telecephalic areas where they later settle, comes from studies on the song control system of the canary (see below for details). The first study (Goldman & Nottebohm, 1983) was greeted with skepticism, because it had been widely believed that, in the central nervous system, neurogenesis ceased soon after birth and that the same neurons, perhaps with some losses, are present throughout adult life. However, over the next few years, Nottebohm and his students showed that these new cells were born in the VZ, and migrated along radial glia into the HVC, where they differentiated into neurons that projected to the robust nucleus of the arcopallium (RA) or became interneurons (Nottebohm & Alvarez-Buylla, 1993) .
'Neurogenesis' is often considered to be a multistep process composed of the production of new cells from stem cell progenitors, the differentiation of these cells into neuronal phenotypes, their migration to target brain areas, and their eventual incorporation into existing neural circuits by replacement of older neurons that die. Hence, neuronal death and replacement are considered to be fundamental components of adult brain plasticity. Much remains unknown, however, about the mechanistic interaction between these stages. In this section, we will briefly outline some of the knowledge that has been accumulated during the last few decades regarding this complex process, which involves both phenotypic transformation and spatial displacement of postmitotic cells over a time course of days to weeks. Figure 1 provides a schematic overview of some of the information given below. It indicates the proliferation zone, the extent of migration, and the major areas into which new neurons are finally integrated.
Proliferation
When Goldman & Nottebohm (1983) injected adult canaries with the birth-date marker [ 3 H]thymidine, they found many HVC-labeled neuron-like cells when the birds were killed 30 days later, but not when the birds were killed 1 or 2 days after the injections. However, in those short time intervals, there were many labeled cells on the wall of the VZ overlying the HVC. Goldman and Nottebohm inferred that, as during the embryonic stages, new neurons are born in the VZ and migrate into the telencephalon, where they settle and differentiate. Indeed, to date we know that neurons formed post-hatching in songbirds arise exclusively from the cells in the VZ . In their work, Alvarez-Buylla et al. (1998) described the architecture of the adult avian VZ and identified three main cell types. Primary precursors (type B cells) maintain an end foot on the ventricular surface and move towards the ventricle to undergo mitosis. Type B cells give rise to type A cells, which seem to correspond to young migrating neurons, move away from the ventricle, and become oriented parallel to this wall. Ependymal cells (type E cells) share the ventricular surface with type B cells, but do not divide.
The birth of new cells that eventually mature into neurons occurs throughout the avian VZ, but Alvarez-Buylla et al. (1990) noticed that the labeled VZ cells were particularly abundant in 'hot spots' in the dorsal and ventral reaches of the lateral ventricle wall, and showed that these cells were radial glia. They suggested that these cells are neuronal stem cells, and that new neurons are formed when radial glia divide and one of the daughter cells assumes the identity of a young migrating neuron. This view was later confirmed by ultrastructural work (Alvarez-Buylla et al., 1998). We do not yet know how often a Sagittal schematic overview of neurogenesis in the adult avian brain. New neurons are born in the VZ, and from there they disperse widely and differentiate into neurons throughout many regions of the forebrain (dots). Regions that incorporate relatively high levels of new neurons are the HVC, the HC, area X (X), the nidopallium (N), the hyperstriatum accessorium (HA), and the LPO. No new neurons are incorporated into either the RA or the cerebellum (CB). Adapted with permission from Alvarez-Buylla et al. (1994) and Doetsch & Scharff (2001). given stem cell can divide and give rise to new neurons. This information is important when tracking a cohort of cells labeled with a birth-date marker.
Migration
Most neurons are born quite far from where they will ultimately reside, and therefore need to be able to travel to their final destination. Alvarez-Buylla et al. (1987) showed that many radial glia cells with small cell bodies, which are lodged in the wall of the VZ, have long, unbranching processes that penetrate the adjacent parenchyma. They found that young neurons, which are small and elongated at this stage, migrate along these radial fibers for considerable distances through mature brain tissue, and reach various regions in the telencephalon . Neuronal migration also follows a path perpendicular to that associated with radial glia, known as tangential migration. In this mode, cells migrate near or within the walls of the lateral ventricles for varying distances before dispersing along radial glial fibers (Doetsch & Scharff, 2001) . described the migration process and the eventual settling and differentiation of a wave of young neurons that are born in the adult canary brain on a particular day. They showed that, 3 days after birth, the young elongated cells start their journey, and that at day 20 some of them reach the furthest corners of the telencephalon (up to a distance of 5 mm from the VZ) and differentiate into neurons. Migration rates are highest (28 lm ⁄ h) when young neurons migrate through regions that are rich in radial glia. Additionally, as during embryogeny, the majority of the migrating neurons were culled, so that by day 40 only one-third of the initial cohort survived. Those neurons that survived and reached their final destination formed elaborate dendritic and axonal arbors and established connections. Depending on the specific location within the brain, the process from birth of a young neuron to its postmigratory differentiation may take from 7 days in the HC , or 8 days in the HVC (Kirn et al., 1999) , to 20-40 days elsewhere in the telencephalon .
Brain regions that recruit new neurons
The most detailed information about adult neuronal addition comes from studies of zebra finches and canaries. The first target region for the new neurons to be studied in detail was the HVC, which is involved in the control of vocal behavior. Although Burd & Nottebohm (1985) confirmed the neuronal identity of the cells that migrated from the VZ into the HVC, questions remained as to what constituted reliable proof of neuronal identity and adult birth, and whether these cells were indeed functional neurons. Paton & Nottebohm (1984) provided the first evidence by showing that the [ 3 H]thymidine cells in the HVC had neurophysiological profiles and clear neuronal anatomy, and that they were incorporated into functional neural circuits. The HVC has two types of projection neuron. The first type comprises HVC neurons, which project to area X; these are produced before hatching and are not replaced in adulthood Gahr, 1990; Kirn et al., 1999; Scharff et al., 2000) . The second type comprises adult-formed neurons, which send long axonal projections to the RA (a song control nucleus that projects to the motor neurons that innervate the vocal organ). The rest of the HVC neurons are interneurons (see also review by Nottebohm, 2008) .
Soon after neuronal recruitment was discovered in the adult HVC (Goldman & Nottebohm, 1983) , it became clear that it also occurs throughout most of the songbird telencephalon (Nottebohm, 1985 ; reviewed by Gahr et al., 2002) . Alvarez-Buylla et al. (1994) carried out a comprehensive study that determined the contribution of neurons born in adulthood (as well as during development) to different regions throughout the canary brain. Concerning adult-born neurons, they recorded similar patterns to those observed at the later stages of juvenile development. Adult neurogenesis was restricted to the telencephalon. From a functional point of view, the avian areas that show protracted neurogenesis include the vocal control system and the HC, areas involved in the control of learned behaviors (vocal learning and singing and spatial memory, respectively; for review -Gahr et al., 2002) . The lobus parolfactorius (LPO), as in juvenile development, continued to receive a large number of neurons in adulthood. However, unlike in juvenile neurogenesis, the density of new neurons in the LPO in adults was only slightly higher than in other regions of the telencephalon, indicating that the decrease in neurogenesis with age is more pronounced in the LPO. Below, we focus in more detail on only some of the brain regions in which new neuronal recruitment has been previously recorded.
Another vocal control nucleus in the adult avian brain that recruits new neurons is area X, which is known to exhibit large-scale neuronal addition both after hatching and throughout adulthood. This region is part of the anterior forebrain pathway, and it is critical for the acquisition of song in juveniles (Nottebohm et al., 1976; Bottjer et al. 1984; Sohrabji et al., 1990; Scharff & Nottebohm, 1991) and may also play a role in song maintenance in adults (Reviewed in Brainard, 2008) . Area X neurons, which are produced after hatching, are exclusively interneurons (Sohrabji et al., 1990) .
New neuronal recruitment during adulthood is not restricted only to song control nuclei. For example, the nidopallium caudale (NC), an auditory region that has indirect projections to the vocal control system (Mello & Jarvis, 2008) , also receives new neurons in adulthood (Alvarez-Borda, 2002; Lipkind et al., 2002) . The NC appears to store song-specific auditory information that is of potential use by juveniles during song acquisition and, perhaps, by adults for song maintenance (Bolhuis & Gahr, 2006; Phan et al., 2006) . For more details about NC neuronal recruitment and conditions that influence it, see below, 'Sociality'.
The HC, an important forebrain region for spatial learning (Krebs et al., 1989; , also exhibits adult neuronal recruitment. So far, neuronal plasticity in this region in birds has been investigated mostly in relation to seasonal food-caching behavior. Additionally, as the HC is thought to play an important role in the processing of spatial information, it has been suggested that migratory behavior might also be associated with increased hippocampal neurogenesis, and that migratory birds might provide another model to study the interactions between behavior and neuronal plasticity. For more on this subject, see below, 'Bird migration'.
The avian and mammalian HCs are generally considered to be homologous, on the basis of developmental gene expression studies, which have shown that the same embryonic neural tissue gives rise to both the avian and mammalian HCs (see references in Rattenborg et al., 2011) . Despite being homologous, the avian and mammalian HCs look distinctly different (Fig. 2) , and it is currently unclear which regions of the avian HC correspond to the much better described regions of the mammalian HC (Rattenborg et al., 2011) . There are several proposed comparisons between different layers of the avian and mammalian HCs. Atoji & Wild (2004) proposed that the V-shaped region of the avian HC is homologous to the mammalian DG (Fig. 3) . The dorsomedial region of the avian HC has been proposed to be homologous to the mammalian Ammon's horn or cornu ammonis (CA) (Atoji & Wild, 2004) . Kahn et al. (2003) , on the other hand, suggested that the V-shaped region of the avian HC is homologous to the mammalian Ammon's horn, whereas the dorsal area of the avian dorsomedial regions is homologous to the mammalian DG. See Rattenborg et al. (2011) for detailed descriptions of both the mammalian and avian HCs.
Another attribute regarding the anatomy of neuronal recruitment, which might be worth noting, is the spatial distribution of new neurons within a specific region. For example, in the HC of black-capped chickadees (Poecile atricapillus), Barnea & Nottebohm (1994) observed a non-random distribution of new neurons -6 weeks after the neurons were born, 95% of them were found within a narrow band of 350 lm from the VZ. As this pattern was the same at longer intervals, Barnea & Nottebohm (1994) inferred that it represents the final distribution of new neurons within this brain region. found that this pattern already exists 6 days after the new neurons are born and have traveled from the VZ in the same species and in the same brain region. A very similar spatial distribution of new hippocampal neurons is currently being revealed in several other songbird species (E. Gabaly, J. Terkel & A. Barnea, unpublished observations) . This general pattern might indicate that the HC is not a single functional unit, but rather consists of several subunits, which differ in their degree of plasticity. This notion has received further support from other studies with different species and a different brain region. Barnea et al. (2006) and Adar et al. (2008a) found that one of the factors influencing the survival of new NC neurons in adult zebra finches is their position within this brain region. Taken together, such findings indicate that questions about neuronal recruitment and turnover may have to take into account several variables, including spatial distribution of the newly recruited neurons within the investigated brain region. If a study samples a large area and averages the results from all locations sampled, actual differences might go unnoticed, thus rendering the strategy that the brain uses to replace its neurons not comprehensive.
Regarding the amount of neuronal recruitment in the adult avian brain, quantitative data are only available for the HVC and the HC. It appears that incorporation of new neurons in the HVC shows species differences: 0.1-0.7% new neurons per day are reported for canaries, 0.1-0.2% for zebra finches, and about 0.4% for Bengalese finches. In the HC, 0.15-0.37% of all neurons are newly recruited ones (reviewed by Gahr et al., 2002) .Ǎ Hypothesized homology between mammalian and avian subregions of the hippocampus. The mammalian DG is hypothesized to be homologous to the avian medioventral V-shaped layer (light gray), the mammalian CA and subiculum to the avian dorsomedial region (DM), and the mammalian entorhinal cortex to the avian dorsolateral region (DL). CDL, dorsolateral corticoid area; Ma, magnocellular region; Pa, parvocellular region; Po, cellpoor region. Reproduced with permission from Atoji & Wild (2007) , following Rattenborg et al. (2011) .
Survival, neuronal death, and replacement
The number of HVC neurons does not increase with age; thus, it was suggested that the continual addition of new neurons represents the replacement of old ones that are lost (Alvarez-Buylla et al., 1992; Kirn & Nottebohm, 1993) . Additionally, it was found that the lifespan of neurons born after hatching may vary from days to months, and that some cells die even while migrating. New HVC neurons can have substantial lifespans of 4-8 months or more, and then they disappear (review in Pytte et al., 2008) . The survival of new neurons might depend on the time of year when they are born. For example, new HVC neurons that are born at the end of the summer and early autumn when birds are acquiring a new repertoire are still present 8 months later, when the repertoire is used during the following breeding season (Kirn et al., 1991; Nottebohm et al., 1994) . Therefore, the life of many of the HVC neurons seems to be commensurate with the life of memories that underlie the behavior controlled by that nucleus. Accordingly, the interpretation was that the neurons remain functional for a limited period of time and are then replaced by the new ones. Hence, neuronal death is necessary for subsequent neuronal incorporation in circuits that undergo constant neuronal turnover. Earlier studies provided only correlational data for the idea that cell death plays a pivotal role in the regulation of neuronal replacement. For example, in canaries, seasonal peaks in HVC neuronal recruitment are preceded by peaks in cell death (Kirn et al., 1994) . The evidence for neuronal replacement was only numerical, as we do not know whether a new neuron becomes functional in the same position and with the same capacity as the one that it replaces. However, more recent studies have provided more detailed information, showing, for example, that selective killing of HVC neurons leads to a subsequent increase in the incorporation of new neurons of the same kind (Scharff et al., 2000) . In addition, when mature neuron degeneration was experimentally suppressed, new neuronal recruitment into the system decreased significantly (Thompson & Brenowitz, 2009 ). Thus, it appears that, for the replaceable neuron types, the number of healthy neurons present can regulate and even constrain the number of new cells that are added. Periods of cell death may make room for a wave of new neuronal addition, which continues until the available circuit space is occupied once again (Kirn et al., 1994; Scharff et al., 2000; Nottebohm, 2008) .
Data from another brain region -the NC -suggest that neuronal survival can be determined by additional factors. As already mentioned above, in adult zebra finches, the location of a neuron within the NC, combined with other factors, can determine how long it will survive (Barnea et al., 2006) . As the NC processes auditory and somatosensory information (Vates et al., 1996) , and as zebra finches recognize each other by vocalization (Zann, 1996) , Barnea et al. (2006) proposed that different parts of the brain may upgrade memories at different time intervals, yielding an anatomical representation of time in the brain. In a more recent study with the same species and in the same brain region, Adar et al. (2008a) found that the neuron's age at the time when the bird is exposed to environmental change can also determine its survival. If the bird was introduced into novel complex social settings, neurons that were 1 month old at this time survived better than neurons that were 3 months old at the same time, and these effects were position-dependent within the NC. Taken together, these results suggest that brains 'use' exquisite calculations in their 'decision' regarding which cells to replace and which to keep, under which circumstances, and for how long. This idea can provide a hypothetical choreography and rationale for neuronal replacementwhereas older replaceable neurons must be eliminated as the animal grapples with a surge of new information, the same surge serves as a positive stimulus for survival of the younger new neurons. This response remains the brain's most radical way to respond to acute changes in the amount and novelty of information that it must process and, perhaps, store.
Functional sigificance of adult neurogenesis
One of the most important questions about adult neurogenesis is its function and whether it can directly cause changes in memory (Scharff et al., 2000; Kempermann, 2002 Kempermann, , 2008 Nottebohm, 2002; Kempremann et al., 2004; Leuner et al., 2006; Lindsey & Tropepe, 2006; Aimone et al., 2010; Deng et al., 2010) . There is good evidence that new neurons are indeed incorporated into the existing neural circuits and therefore seem to be fully functional (Paton & Nottebohm, 1984; Kirn & Nottebohm, 1993; Scharff et al., 2000; van Praag et al., 2002; Song et al., 2005) , but it is still not clear whether these new neurons function in the same way as the old neurons. Although it initially seemed logical that new neurons should be causally related to enhanced learning, the evidence for this causal relationship is still equivocal, despite extremely intensive research trying to establish such a link (Leuner et al., 2006; Kempermann, 2008; Deng et al., 2010) . Even though multiple studies have shown that an increase in learning results in increased adult neurogenesis, learning is not always affected when neurogenesis levels are reduced, whether experimentally or naturally (Leuner et al., 2006) . Most work on birds so far has been correlational (e.g. Pytte et al., 2007; Kirn, 2010) , but even such correlational studies cast some doubt on the idea that addition of new neurons to the song control system is necessary for new memories (Tramontin & Brenowitz, 1999; Alvarez-Borda & Nottebohm, 2002) . One exception was a study by Cheng et al. (2004) , which showed neurogenesis-dependent restoration of some hypothalamus function in ring doves (Streptopelia risoria) following lesions. In these birds, the hypothalamus is involved in the response to specific acoustic vocalizations, and lesions of the hypothalamus disrupt this response while also causing an increase in neuronal recruitment. Such lesioninduced neuronal recruitment then appears to restore hypothalamus responsiveness to vocalizations, suggesting a functional role of newly added neurons (Cheng et al., 2004) . In adult songbirds, induced death of neurons that are regularly replaced ('replaceable') resulted in song deterioration and, at the same time, in increased recruitment of the same type of neurons, suggesting that neuronal recruitment is necessary for restoring a learned behavior, but this study again provides only indirect evidence for the potential functional significance of adult neurogenesis (Scharff et al., 2000) . All in all, however, there appears to be no unambiguous evidence for any specific functional role of neurogenesis in birds (Bolhuis & Macphail, 2001; Gahr et al., 2002) .
More recently, many experiments on rodents have focused on blocking adult neurogenesis in the hippocampus by using chemical, irradiation or genetic ablation of neurogenesis, and testing the effects of such ablation on memory (Leuner et al., 2006; Deng et al., 2010) . The results of such experiments have been mixed, and have provided no unambiguous support for the hypothesis that neurogenesis is causally linked to learning and memory; some studies showed learning impairments in animals with reduced neurogenesis, whereas other studies detected no such negative effects. For example, cyclin D2 knockout mice have no adult neurogenesis, yet they can learn new tasks (Jaholkowski et al., 2010) . Several species of bat that are likely to rely heavily on spatial memory for foraging have been reported to have no adult neurogenesis (Amrein et al., 2007) , suggesting that HCdependent learning may function without neuronal replacement. Other studies, on the other hand, have shown that blocking adult hippocampal neurogenesis leads to impairments in HC-dependent learning and memory function (Snyder et al., 2005; Winocur et al., 2006; Imayoshi et al., 2008; Clelland et al., 2009; Jessberger et al., 2009; Goodman et al., 2010) . It is possible that the inconsistency in the findings of many experiments using chemical and irradiation ablation results from potential side effects of such treatments, as it is difficult to ensure that they affect only the production of new neurons.
There have been multiple hypotheses about neurogenesis function. One hypothesis suggests that new neurons are recruited into the existing neural circuits and are directly involved in all stages of memory processing (Schinder & Gage, 2004) . Another hypothesis suggests that new neurons are necessary to avoid catastrophic interference when new information is being learned (Wiskott et al., 2006; Deng et al., 2010) . Wiskott et al. (2006) assumed that when animals are in a stable environment, old mature neurons are stable and provide reliable service, but when animals are introduced into a new environment, they need to learn new information without interfering with old, previously learned information, and neurogenesis may be necessary to provide this interference avoidance. To avoid interference between old and new memories, animals may need to separate events by using different neurons for different memories -pattern separation Deng et al., 2010) . At the same time, a related set of information may need to be connected via pattern integration so that all of this information can be retrieved at the same time . New neurons may play important roles in these processes. For example, Clelland et al. (2009) found that blocking neurogenesis resulted in impaired spatial performance when cues had little spatial separation, but not when cues were more spatially separated. This finding provides support for the hypothesis that new neurons may be needed for spatial pattern separation. Even though research on pattern separation has been mainly conducted in rodents and in the laboratory, its implications are clearly relevant to natural systems such as food-caching birds that rely on spatial memory and on the HC for food caching and cache retrieval. Many food-caching birds cache food, retrieve caches, and re-cache previously made food caches on a daily basis (especially in the winter), so they need to keep track of old and new caches (Pravosudov & Smulders, 2010) . Neurogenesis may be an important adaptive process that prevents interference between old and new memories and allows better management of food caches. This notion is in line with previous studies (Barnea et al., 2006; Adar et al., 2008a) , with a different species (zebra finch) and a different brain region (NC), which propose that different parts of the brain upgrade memories at different time intervals, yielding an anatomical representation of time in the brain (see above, 'Survival, neuronal death, and replacement'). Kempermann (2008) proposed the neurogenic reserve hypothesis, which suggests that adult neurogenesis provides a 'neurogenic reserve', allowing the brain to remain flexible in learning and recruiting new neurons from this reserve when there is new information to be learned. As many of the new neurons do not become incorporated into the existing neural circuits, and simply die, the neurogenic reserve hypothesis predicts that these new neurons should become incorporated only when there is a need for new learning; otherwise, new neurons simply cycle through (Kempermann, 2008) . This hypothesis may potentially explain the mixed results obtained with neurogenesis ablation, as learning deficits should be observed only when the reserve of 'ready to be incorporated' neurons is depleted. Thus, if memory experiments following the ablation are performed prior to these new neurons reaching recruitment age, no negative effects on learning may be observed. This hypothesis also explains the positive effects of physical activity on neuronal production. So far, however, it appears that no experimental studies have provided direct and unambiguous support for the neurogenic reserve hypothesis. Wilbrecht & Kirn (2004) proposed several hypotheses for adult neurogenesis in avian song control brain areas. (i) Adult neurogenesis is an epiphenomenon remaining from developmental neurogenesis, and may serve no particular function. This hypothesis suggests that adult neurogenesis may simply be a 'hold-over' process following the developmental neurogenesis that is critical to generate necessary brain neurons. As adult neurogenesis is much less intense than developmental neurogenesis, it may have no particular function. (ii) Adult neurogenesis is involved in song learning, and new neurons are directly involved in learning. This hypothesis builds on a premise that existing neurons become less plastic with age and, as a result, may not be useful for processing continuously arriving new information in long-lived species. Hence, the solution may be simply to discard old neurons that may no longer contain useful information and replace them with new ones that will allow the acquisition of new information. This hypothesis predicts the most intense neuronal replacement at times when learning of new information is especially intense -for example, during song-learning seasons. (iii) Adult neurogenesis may provide motor flexibility for both song learning and maintenance. This hypothesis is a version of the previous one, and suggests that a songbird needs to accumulate an excess of new neurons, so that it can train and maintain 'error'-free neurons that can function without errors in producing a correct song. In other words, this hypothesis predicts that some neurons may make errors and result in incorrect song production. Generation of new neurons would allow the bird to discard these neurons and build a collection of neurons that do not make errors. This hypothesis assumes that the number of error-free neurons would increase with age and neuron recruitment rates should decrease with age. (iv) Adult neurogenesis is necessary for the replacement of old neurons that have become damaged after intense use. This hypothesis suggests that neurogenesis is unrelated to learning, and that new neurons simply replace old neurons that have become damaged after extensive use.
Although all of these hypotheses seem to be plausible for both mammals and birds, there is no unambiguous support for any one of them, and it remains unclear whether adult neurogenesis is causally linked to learning and memory. More research is needed to determine the role of adult neurogenesis.
Regulation of neurogenesis and neuronal recruitment
Adult neurogenesis is a dynamic process, and extensive studies have shown that its various stages and final outcome are regulated by a wide range of internal and external factors in both mammals and birds. However, despite these studies, the mechanisms that control adult neurogenesis are still not fully understood. Over the years, a few excellent reviews have summarized the current knowledge about these aspects, mostly in mammals (e.g. Fuchs & Gould, 2000; Gould & Gross, 2002; Rakic, 2002; Ming & Song, 2005; Aimone et al., 2010) . In this section, we will focus on some factors that are known to affect neurogenesis, neuronal recruitment and survival in the adult avian brain.
Internal factors
Much work has been performed on the complex interactions between hormones and neurogenesis, both in mammals (e.g. see review by Galea, 2008) and in birds. In the latter group, the song control system Adult neurogenesis in birds 889 provided an excellent model for such research, because of the specialized nature of this system, which consists of clearly defined nuclei that control various aspects of singing behavior (such as song learning, production, and perception). Such specialization of the song control nuclei made the study of brain-behavior relationships in birds much easier than in mammals, in which hormone target tissues such as the limbic system are involved in regulating many different physiological processes and behaviors.
In birds, sex steroids (testosterone and estradiol) have pronounced effects on song learning and production and on the juvenile development and adult plasticity of the song circuits (reviewed in Ball et al., 2008; Harding, 2008; Gahr et al., 2002) . However, these sex steroids do not appear to regulate the rate of cell division in the VZ (Brown et al., 1993) , a finding that was further supported by Rasika et al. (1994) . This suggests that seasonal differences in the incorporation of labeled neurons into the HVC (see below) may be attributable to the regulation of some other mechanisms, such as differential neuronal migration or survival.
Testosterone appears to increase the recruitment and survival of new HVC neurons (Rasika et al., 1994) , and later studies also demonstrated that steroids regulate the trophic factor brain-derived neurotrophic factor (BDNF), which, in turn, increases HVC neuron survival (Rasika et al., 1999; Louissaint et al., 2002; Nottebohm, 2004) . However, this positive effect of testosterone on neuronal recruitment was found only during a restricted time window, 14-20 days after the new cells are born (Alvarez-Borda et al., 2004) . Although testosterone has a pronounced and rapid effect on the HVC, its efferent targets, the RA and area X, respond more slowly. Several studies have shown that this is because testosterone and its metabolites act directly on the HVC, which, in turn, provides some permissive or trophic support of growth to its efferent targets, the RA and area X (reviewed in Brenowitz, 2008) .
Estrogens also influence neuronal differentiation and survival in the avian brain, but do not seem to directly influence cell proliferation (see review in Lee et al., 2007) . Williams et al. (1999) demonstrated that estrogens also promote the initial migration of new neurons from SVZ explants in vitro. The convergence of evidence suggests that estrogens act as neurotrophic agents and supply migratory support for the newly formed neurons in reaching their end destinations (Lee et al., 2007) .
As can be seen in the song control system, some effects are androgen-dependent and some are estrogen-dependent. One question is why singing and the song control nuclei should be activated by multiple metabolites rather than by testosterone itself. In other avian species (pigeon, quail, and chicken), vocalization during interactions with females appears to be purely androgen-dependent. The answer could be that, in songbirds, the involvement of multiple metabolites allows finer-grained control of singing in different social contexts (Harding, 2008) .
Studies on hormones, behavior and brain nuclei typically focus on one or two hormones, and often we do not know enough of the effects of other hormones. In addition, most research has focused on the effects of gonadal steroids on the song system. However, we know that other hormones also play a role. For example, many bird species sing outside the breeding season, and it has been found that this singing appears to be independent of gonadal androgens, and to rely, for example, on extragonadal synthesis of dehydroepiandrosterone in several avian species (Soma & Wingfield, 2001 ). In addition, a variety of other hormones appear to be involved in modulating the vocal control system and singing, such as vasotocin, thyroid hormones, and other peptide hormones, including vasoactive intestinal peptide (see review in Harding, 2008) . Vasoactive intestinal peptide was found to stimulate prolactin release in songbirds during the breeding season, and may be involved in decreasing singing by males that exhibit parental care (Maney et al., 1999) .
Another hormone that may be important in this respect is prolactin. Barkan et al. (2007) found an increase in new neuronal recruitment in the NC, a region that is involved in sound processing and therefore is likely to play a role in auditory parent-offspring recognition in the brains of breeding zebra finches. This increase coincides with the need to memorize vocalizations of nestlings before they fledge, and it was therefore suggested that it may enable parent-offspring recognition and hence selective parental care. The follow-up study (A. Barnea & M. Pnini, unpublished data) found that prolactin levels in the blood of both parents were highest at hatching, and that this peak preceded the increase in NC neuronal recruitment by 3-4 weeks. In mammals, there is evidence that prolactin mediates an increase in neurogenesis in the SVZ of pregnant female mice, and is likely to be important for maternal behavior (Shingo et al., 2003; Larsen et al. 2008) . It is also known that 3 weeks are required for neuronal migration from the birthplace to a target region in the avian brain (Kirn et al., 1999) . On the basis of these findings, it was suggested (Barkan et al., 2007 ) that a temporal and functional positive correlation exists between prolactin levels and neuronal recruitment in the NC. An ongoing study (N. Weizman & A. Barnea, unpublished study) is currently testing this possibility by manipulating prolactin levels in the blood of adult zebra finches and observing neuronal recruitment in various parts of their brains.
Age is another internal factor that is known to affect neurogenesis. An age-related decline in the production of new neurons has been widely recorded in mammals (e.g. Rao et al., 2006) , although it varies significantly among species, including wild-living ones (Amrein et al., 2004; Amrein & Lipp, 2009) , and is not necessarily predictive of cognitive status (Bizon & Gallagher, 2003) . In birds, neuronal addition and loss occur throughout post-hatching life, but, during the juvenile growth phase, cell proliferation in the VZ is higher than in adults (DeWulf & Bottjer, 2002) . At an early age, neuronal addition surpasses neuronal loss, and once adult neuron numbers have been attained, these two processes are more closely matched (Wilbrecht & Kirn, 2004) . In addition to its effect on neurogenesis, age also affects neuronal recruitment, and in adulthood neuronal recruitment seems to continue to decrease with age, as has also been shown in a nonsongbird species, the ring dove (Ling et al., 1997) . For example, in canaries, neurogenesis decreases between 1 and 4 years, but not evenly throughout the telencephalon. The LPO, hyperstriatum accessorium and ventral hyperstriatum showed a marked decrease in new neuronal recruitment, whereas neurogenesis in the neostriatum and HC decreased to a lesser degree . A differential decrease in age-related neuronal recruitment was observed in zebra finches, where this decrease was significant in the HVC (a region that is necessary for song production), but not in area X or the HC (regions that are not essential for singing) (Pytte et al., 2007) . Moreover, the rate of this decrease varies between species, and seems to depend on the stability of the behaviors being served. For example, in canaries, where adult song changes from year to year, HVC neurons that project to the RA are replaced with a rather stable yearly turnover (Alvarez-Borda, 2002) . However, in zebra finches, whose adult song changes little from year to year, the recruitment of new HVC neurons is dramatically reduced with age . From the comparison of these two species, and also from the evidence that, in canaries, neuronal turnover rates differ between times of the year , one can also conclude that cell age is probably not the primary reason for neuronal replacement.
As almost all biological processes manifest at least some degree of circadian variation, it is reasonable to assume that this would also be the case with adult neurogenesis. However, not much work has been performed on the question of whether neuronal proliferation is diurnally regulated. One of the few studies was performed in lobsters, where circadian control of neurogenesis was found in olfactory projection neurons, with a peak in cell proliferation at dusk (Goergen et al., 2002) . This issue has also been investigated in mammals, but the results have not always been consistent. Some studies found no circadian variation in hippocampal cell proliferation (Ambrogini et al., 2002; Holmes et al., 2004; van der Borght et al., 2006) , and others (Kochman et al., 2006) reported circadian variation in the hillus but not in the granule cell layer, suggesting a possible circadian influence on gliogenesis rather than neurogenesis. However, a recent study (Gerstner et al., 2008) supports the hypothesis of a diurnal cycle in neurogenesis, by showing that Fabp7, downstream of notch and expressed in neuronal precursors, is diurnally regulated in hippocampal neuron precursors in adult rodents. To the best of our knowledge, this issue has not yet been studied in birds, and an ongoing study is investigating whether neurogenesis in the brains of adult zebra finches follows a diurnal cycle (S. Hornfeld, J. Terkel & A. Barnea, unpublished study).
External factors
The song control system provides the most pronounced example of seasonal plasticity in an adult vertebrate brain, and currently serves as one of the leading models for the study of brain plasticity. Seasonal changes in song behavior are accompanied by changes in the song nuclei in essentially every seasonally breeding songbird species that has been examined (reviewed in Brenowitz, 2008).
As described above, sex steroid hormones influence song behavior and the song control circuits in the brain. As secretion of gonadal steroids varies seasonally, these hormonal seasonal changes, in turn, modulate song production and correlate with various seasonal changes in the song control system. Androgens have been shown to play an important role in the seasonal plasticity of the song system in adult males of some species (reviewed by Kirn, 2010) . In male canaries, which are open-ended song learners (they learn new songs during their entire life) and seasonal breeders, decreases in testosterone levels in males coincide with periods of unstable song and with cell death in the HVC Kirn et al., 1994) . Subsequent increases in testosterone levels that precede the breeding season promote the replacement of lost neurons and regrowth of the HVC. When males have high steroid levels and are in full breeding condition, HVC volume and total neuron number are highest and neuronal replacement is low (reviewed by Kirn, 2010) . Accordingly, the suggested hypothesis is that the seasonal neuronal turnover in the HVC provides a neural substrate for plasticity of song production. Seasonal dynamics in the HVC have also been observed in other species, including a species that does not modify its adult song; we refer to these issues and discuss their potential interpretations below (see 'Song system').
Seasonal differences in new neuronal recruitment have also been reported in the avian hippocampus. In free-ranging black-capped chickadees, the amount of adult-generated hippocampal neurons correlated with changes in food storage and retrieval, behaviors that involve spatial learning (Barnea & Nottebohm, 1994) . However, a later study with the same species failed to find such seasonal differences, and this may be because the examined birds were kept in captivity for the period between capture and killing.
The biological relevance of adult neurogenesis is suggested by the observation that it can be modulated by experience. In mammals, learning may increase, decrease or not significantly affect the survival of newly born neurons, and this varying effect could be attributable to the existence of a critical period in the development of new neurons, during which their survival can be altered (see references in Epp et al., 2007) . In any case, collectively, data from various species support the view that the number of newly generated neurons in relevant brain regions may be increased under conditions of increased learning opportunities (see references in Fuchs & Gould, 2000) .
In birds, the effect of learning on the production of new neurons has been found mostly at an early age (Patel et al., 1997 ; but see Pravosudov & Omanska, 2005) , and the general assumption is therefore that, in adults, neurogenesis occurs at a constant rate. Only later stages, such as new neuronal survival and recruitment, seem to be affected by various factors related to experience and environment. The question of whether neuronal replacement is necessary for learning is still somewhat open. For example, if that was the case, then one would expect that blocking song imitation during the sensitive period for song learning in juvenile zebra finches would disrupt the recruitment of new neurons in the HVC. However, when this was done, neuronal addition occurred at normal rates, although the birds were unable to imitate their tutor's song. Nevertheless, manipulations that do alter neuronal recruitment also affect song learning. This suggests that new neuronal addition to the HVC may be permissive for song plasticity, whereas the process of song imitation has conditional effects on neuronal replacement, even though these effects are not yet fully understood. It could be that neuronal replacement is necessary but not sufficient for song learning. In any case, the relationship between new neurons and (song) learning is probably not simple, and the observations that new neurons continue to be added in the brains of zebra finches after song crystallization adds to these doubts (review in Pytte et al., 2008) .
It could be that high metabolic demands associated with repeated use of neurons result in short neuronal lifespan, and therefore a possible function for neuronal replacement may be to replace neurons that become damaged by use. If this was so, then one would expect a correlation between rates of neuronal incorporation and behavior performance, such as singing. Indeed, there is evidence that singing, and as a result functional activity of the circuitry that incorporates new neurons, contributes to the survival of incoming neurons and promotes neuron addition in adult canaries. Survival of new HVC neurons is greater in singing than in non-singing birds, and a positive causal link exists between pathway use, neurotrophin expression (BDNF), and new neuron survival (Li et al., 2000) . Similarly, there is a positive correlation between natural variation in the amount of singing and new HVC neuronal addition (Alvarez-Borda & Nottebohm, 2002) . Recently, Pytte et al. (2010) further investigated the relationship between the use of a specific brain region and the survival of new neurons within that brain region, and showed that use-dependent neuronal survival also occurs in the higher auditory processing region of the songbird caudomedial nidopallium.
The effects of other external factors -environmental enrichment and physical activity -on neurogenesis have also been extensively examined. In mammals, both factors seem to increase neurogenesis in the HC (see references in Fuchs & Gould, 2000) ; however, it has been suggested that this increase occurs via dissociable pathways, and these factors should therefore be considered to be distinct interventions with regard to plasticity (Olson et al., 2006) . In birds, environmental complexity may also enhance the survival of newly born neurons in the adult brain. This possibility was initially suggested by Barnea & Nottebohm (1994) , who found more new hippocampal neurons incorporated into the brains of adult black-capped chickadees living in the wild than in those living in captivity. However, a recent study with the same species (Tarr et al., 2009) (2010) , on the other hand, showed dramatic differences in the number of new neurons between wild and captive mountain chickadees (Poecile gambeli) (Fig. 4) , in addition to showing a strong effect of learning on hippocampal neurogenesis. The captivity effect might be caused by several factors (such as stress, social isolation, lack of exercise, or reduced opportunity to cache in the case of a food-storing species), and it is therefore difficult to discern the individual effects of each of these factors on the HC.
Complex social setting is one of the factors associated with environmental enrichment, and it was found to have a stimulatory effect on neuronal proliferation, in some cases in a site-specific manner, in mammals (e.g. Fowler et al., 2002) . In addition, it has been shown that social rearing conditions can modify neurogenesis, but that this effect can be reversed by subsequent group rearing (Lu et al., 2003) . The positive interplay between enriched sensory and social conditions and neurogenesis occurs not only in mammals but also in other taxa. For example, it has been reported in insects, where it is direct and not mediated via hormonal control .
In birds, it is likely that adult neuronal replacement is influenced by the actions and attributes of conspecifics, as social enrichment has been found to enhance the survival of adult-formed neurons in several avian brain regions (Lipkind et al., 2002; Barnea et al., 2006) . In one study (Lipkind et al., 2002) , zebra finches that were introduced to large, mixed-sex groups of unfamiliar birds had more new neurons in the HVC, area X and the NC than birds that were housed singly or with an unfamiliar mate that did not differ from them. It is unlikely that the amount of singing could account for these results (Adar et al., 2008b) , and we therefore suggested that increased demands on systems underlying new auditory memory formation may enhance neuronal survival. Moreover, subsequent work on the NC (Adar et al., 2008a) showed that the timing and degree of change in social complexity relative to a new neuron's age influenced that neuron's chances of survival. Social stability seems to favor the survival of preexisting neurons over newly formed ones, whereas social change seems to favor the survival of new neurons over older ones.
It is tempting to speculate that the richness and variability of the environment stimulate neurogenesis and that, in turn, the newly generated neurons improve the abilities of adult animals to exploit their habitat. However, there are numerous potentially relevant variables in the environment (whether physical or social), and it is therefore difficult to determine the relative importance of a specific stimulus for such brain plasticity. Very few studies have dealt with this complicated issue, although it might be important, especially when investigating complex behaviors such as social interactions or spatial learning. An interesting example is a study in electric fish, which showed that stimuli are sufficient to increase neurogenesis in adult brains through a single modality (Dunlap et al., 2008) .
Stress is another external factor that has been shown to inhibit neurogenesis, and its effect appears to be common across species and life stages in mammals. Most of the effects of stress are frequently mediated by elevated levels of glucocorticoid hormones, which, in many cases, directly affect neurogenesis (Mirescu & Gould, 2006) . For example, stressful experiences are known to decrease the number of new neurons in the DG of the mammalian brain (Fuchs & Gould, 2000; Gould & Gross, 2002) , and fear learning transiently impairs hippocampal cell proliferation (Pham et al., 2005) . So far, not much work in this respect has been performed in birds, and we still do not know enough about if and how stress may affect different stages of avian adult neurogenesis and neuronal recruitment. From the few available studies, corticosterone has been shown to decrease neurogenesis in the avian song control system (Newman et al., 2010) . On the other hand, moderate elevation of glucocorticoid hormone levels had no effect on hippocampal cell proliferation rates in mountain chickadees (Pravosudov & Omanska, 2005) . It is more than likely, however, that stress and glucocorticoid hormones have the same effect on neurogenesis in both birds and mammals.
Summary
In summary, a whole battery of factors, which might be regulated differentially by internal and external environments, appear to influence neuronal survival and recruitment. The relationships between the various factors might be complex. Experimentally, it is easier to study a correlation between a specific factor (internal or Fig. 4 . The song control system in birds. (A) The song control system can be imagined as consisting of four modules. Module 1 is in the brain stem, and is present in both vocal learners and non-vocal learners. Module 2 is a telencephalic module that tells module 1 what to do. Module 3 starts from module 2 and then returns to it; it is necessary for vocal learning, but not for production of learned song. Modules 2 and 3 are very well developed in vocal learners, but less so or absent in nonlearners. Module 4 is the ascending auditory pathway that conveys information about the sounds to be imitated and auditory feedback about the sounds produced. external) and brain plasticity (neuronal recruitment ⁄ survival, or size of brain regions). More difficult and challenging is to test the interactions between such factors and to understand the direction of causation between them. For example, in the relationship between singing behaviors, seasonality, testosterone, and song nuclei, do changes in testosterone levels cause changes in singing behavior, which, in turn, cause changes in the size of song nuclei and in the number of neurons in these nuclei, or does causation work in the opposite direction? In other words, one may ask whether an increase in neuronal numbers in song nuclei in breeding birds is a consequence of high rates of singing at this time of the year, or whether the behavioral changes follow changes in the song nuclei. This complex question is discussed in detail by Brenowitz (2008) , who presents evidence for the latter suggestion. Brenowitz (2008) argues that, at least in most species examined, seasonal changes in the song nuclei are predominantly regulated by hormonal changes, and that the subsequent changes in song behavior play a secondary role in reinforcing neuronal changes by mechanisms such as song-induced expression of BDNF.
The genetic basis of neurogenesis
Most of the research on adult neurogenesis has been focused on its plasticity and how various environmental features and behavior may affect it (Kempermann, 2002 (Kempermann, , 2008 Nottebohm, 2002; Leuner et al., 2006; Deng et al., 2010) . However, it remains important to understand whether and how much neurogenesis might be under genetic control, because it is fairly clear that learning and many brain processes, including adult neurogenesis, are at least partially controlled genetically (Lindsey & Tropepe, 2006; Kirn, 2010) . At this point, we know that there are significant differences in adult neurogenesis between different bird species -for example, food-caching chickadees appear to have more intense hippocampal neurogenesis than non-caching passerine species (e.g. LaDage et al., 2010 LaDage et al., , 2011 Chancellor et al., 2011) . It is unlikely that these differences simply reflect behavioral differences and experiences between these species, and it is more plausible to hypothesize that different species may have evolved different adult neurogenesis rates because of different selection pressures (e.g. Pravosudov & Smulders, 2010) .
It is important to understand how much variation in neurogenesis within the same species can be explained by genetics vs. plastic responses. For example, Hurley et al. (2008) showed that individual variation in rates of neuronal incorporation into the HVC of zebra finches can be explained by the nest of origin, which suggests that either genetics or early developmental conditions predetermine neurogenesis in the song control system. Large differences in hippocampal neurogenesis in black-capped chickadees between different populations (Chancellor et al., 2011 ) also appear to be affected by either genetics, maternal effects, or early developmental conditions, while being largely unaffected by environmental conditions ⁄ experiences in adult life (Roth et al., 2011b) . Similarly, analyses of different lines in mice also suggest a strong genetic component in hippocampal neurogenesis (Kempermann et al., 1997; Pozniak & Pleasure, 2006) .
All of these data suggest that it is crucial to understand the magnitude of genetic control of neurogenesis in animals, and birds may be an excellent system to investigate the relative contributions of genetics and plasticity to neurogenesis function, as birds show large, naturally occurring variation in neurogenesis rates (e.g. Chancellor et al., 2011) . The recently sequenced genome of the zebra finch should provide new opportunities to identify specific genome regions that may be involved in the regulation of neurogenesis (Clayton, 2009) . Finally, the recently demonstrated ability to produce transgenic birds will also provide an important model of genetic regulation of neurogenesis (Agate et al., 2009 ). If neurogenesis is at least partially under genetic control, it can be affected by natural selection, which may produce drastically different patterns, depending on the strength of selection pressures (e.g. more selection pressure for enhanced spatial learning and, potentially, for increased hippocampal neurogenesis in food-caching species) and the costs of maintaining neurogenesis (e.g. when there are costs and no obvious benefits, neurogenesis may be greatly reduced in some species). Comparison of multiple species with known phylogenies and life history traits, in particular those related to cognitive demands, may allow better understanding of the evolution of the brain and adult neurogenesis, as well as the factors that may have contributed to evolutionary changes in the brain and brain processes (e.g. Jarvis et al., 2005; Amrein & Lipp, 2009 ).
Models to study neurogenesis

Song system
The song control system in the brain of songbirds is one of the most remarkable models to investigate adult neurogenesis, because of the extreme season-related plasticity in song learning (Goldman, 1998; Brenowitz, 2004; Nottebohm, 2004; Kirn, 2010; Nottebohm & Liu, 2010) . Many songbirds learn their songs from tutors during the developmentally sensitive phase, and then use auditory feedback during song practice so that the final version of the song matches that of the tutor. Many bird species also learn new songs during their entire lives. The brain song control system is critical for song learning, and lesions of the song control regions result in song-learning and production impairments (Nottebohm & Liu, 2010) . According to Nottebohm & Liu (2010) , the song control system consists of four main functional modules (Fig. 4) . Module 1 comprises brainstem nuclei and pathways controlling respiration and unlearned sound production. Module 2 comprises the pre-motor telencephalic nuclei HVC and RA, and provides information to module 1. Module 3 connects the HVC (which is shared with module 2) to the basal ganglia (area X and medial portion of the dorsolateral thalamic nucleus (DLM), which is connected to the anterior cortex (lateral part of the magnocellular nucleus of the anterior nidopallium), which, in turn connects to the RA. This vocal learning pathway is similar to mammalian cortical-basal gangliathalamic-cortical loops (Jarvis et al., 2005) . Module 4 comprises the ascending auditory pathway, which connects to the HVC. The HVC plays a central role in the song control system, as it is connected to all four modules and both receives information and controls the outputs. Neuronal addition to the HVC continues during song learning, and these new neurons project to the RA, suggesting an important role of these new neurons in song learning.
In addition to the seasonal plasticity of song learning, there are species-specific differences in song control area size, which appear to be related to the differences in song repertoire (Szekely et al., 1996) . In his pioneering work, Nottebohm (1981) reported that some song control nuclei (HVC) increase by almost 100% in spring in the canary, and in the spotted towhee (Pipilio maculates), HVC volume has been reported to triple between autumn and spring . Nottebohm (1981) suggested that the function of this increase is to support production of stable song during spring. Following this work, Goldman & Nottebohm (1983) reported constant neuronal production in the song control system in adult canaries, and Kirn et al. (1994) then reported that neuronal recruitment into the HVC in adult male canaries shows two distinct peaks -one in autumn and one in spring. The interpretation of the latter result connected these two peaks in neurogenesis with the two peaks in song instability and in new song syllable emergence in canaries (Kirn et al., 1994) . Finally, Paton & Nottebohm (1984) showed that new neurons are recruited into the functional circuits in the song control system. Thus, taking these findings together, Nottebohm and colleagues clearly demonstrated that new neurons are being produced in adult bird brains all year round, that some of these neurons become incorporated into the existing functional circuits, at least in the song control system, and that seasonal peaks in neuron production rates coincide with the peaks in song learning. Even though Altman & Das (1965) were the first to report adult neurogenesis in rodents, the early work of Nottebohm and colleagues on neurogenesis in the song control system in birds served as an impetus to the following explosion of research on adult neurogenesis in both birds and mammals.
After clear evidence had been provided that new neurons are being constantly produced in adult brains, the focus of research shifted to identifying the causes and consequences of variation in adult neurogenesis. Again, the song control system in birds provided an excellent model for these studies, because it shows enormous neural plasticity Brenowitz, 2004) . For example, in white-crowned sparrows (Zonotrichia leucophrys), experimental withdrawal of testosterone, which may occur naturally after the breeding season, resulted in a 22% reduction in HVC volume within 12 h and in a 26% reduction in HVC neuronal numbers in 4 days (Thompson et al., 2007) . On the other hand, an increase in day length and exposure to testosterone resulted in a 69% increase in HVC volume and the addition of 50 000 new neurons within 7 days . In wild song sparrows (Melospiza melodia), the number of HVC neurons increased by 67% from late autumn to early spring (Smith et al., 1997) . What makes the song control system especially attractive for investigation of adult neurogenesis is that all of the enormous variation in the brains of songbirds occurs regularly and naturally, and does not represent pathological causes, as is frequently observed in laboratory rodent models.
One of the most intriguing questions, however, concerns the role of new neurons in song control nuclei. Initial studies of seasonal variation suggested that neurogenesis supports song learning, because neurogenesis peaks at specific times of new song learning (Brenowitz, 2004) . On the other hand, Tramontin & Brenowitz (1999) also reported seasonal dynamics of HVC neurogenesis in adult age-limited western song sparrows (M. melodia morphna), which learn their song during the first year and then retain a stable song repertoire. This finding suggests that the reported seasonality may be unrelated to song learning. A study by Alvarez-Borda & Nottebohm (2002) separated the effects of testosterone and song learning on neurogenesis, and found that castrated canaries ('testosterone-free') had significantly reduced HVC neurogenesis, but that there were no differences between intact and castrated canaries in the amount of singing, syllable diversity, or song stability. Even though this study was not designed to test the causal relationship between neurogenesis and song learning, it indirectly suggests that neurogenesis does not cause changes in syllable diversity or song stability, as neither of these parameters differed between castrated animals with reduced neurogenesis and controls. Interestingly, the amount of singing in 'testosterone-free' birds correlated with the number of new HVC neurons, suggesting that singing may cause more neurogenesis. Wilbrecht et al. (2006) experimentally prolonged the sensitive period for song learning by rearing zebra finches in isolation, and showed that such prolongation also resulted in a prolonged period of neurogenesis. The number of newly added HVC neurons also correlated with syllable variability, and Wilbrecht et al. (2006) interpreted this finding as supporting the idea that neurogenesis facilitates song change. However, combined with the Alvarez-Borda & Nottebohm (2002) study, the data of Wilbrecht et al. (2006) seem to support the idea that the increase in neurogenesis is a consequence of changes in song learning rather than the cause. On the other hand, Brenowitz (2008) provided other data that seem to support the opposite, and suggested that behavioral changes follow changes in song-related brain areas.
More work is necessary to better understand the role of neurogenesis in the song control system and, more specifically, to uncover the function of new neurons. The song control system provides excellent opportunities to continue to untangle the cause-effect relationship between neurogenesis, song learning and production, and the environment (Kirn, 2010; Nottebohm & Liu, 2010) .
Food caching
Food-caching birds have provided another useful model to investigate adult neurogenesis in the hippocampal formation. There are two types of food caching: larder caching, where the animal creates a few large caches, which it often defends, and scatter caching, where the animal creates multiple caches, often with each individual food item stored in a unique place. Scatter-caching species such as jays, chickadees and nuthatches store only one or, at most, a few food items in a single location, and some of these species store tens and hundreds of thousands of food items scattered in thousands of different spatial locations over these birds' home ranges, which can be quite large (Pravosudov & Smulders, 2010) . These birds then use their food caches during the winter weeks and months, and rely, at least in part, on spatial memory to recover them (Shettleworth, 1995; Pravosudov & Smulders, 2010) .
Scatter-caching species have been at the center of investigations on the relationship between memory and the HC, because these species are well known to use spatial memory during food caching and for cache recovery (Shettleworth, 1995 (Shettleworth, , 2003 Pravosudov & Smulders, 2010) . Experimental lesion studies have also convincingly shown that the HC is necessary for memory-based cache recovery Hampton & Shettleworth, 1996) . There are two main aspects of food-caching birds that make them an especially good model for investigations of the relationship between memory and the brain. First, different species, and even different populations of the same species, rely on cached food to different degrees, depending on the environmental conditions, and these birds therefore show species differences in both spatial memory and hippocampal morphology (Krebs et al., 1989; Pravosudov & Clayton, 2002; Pravosudov & Smulders, 2010) . Second, food caching is a highly seasonal behavior (e.g. Pravosudov, 2006) , and there may therefore be seasonal variations in demands on memory and the brain related to either food caching itself or to cache retrieval, and consequently season-related plasticity in the brain (Pravosudov & Smulders, 2010; Sherry & Hoshooley, 2010) . Krebs et al. (1989) and were the first to hypothesize that food-caching birds should have enhanced memory and an enlarged HC as a result of intense selection pressure for the better memory needed to recover previously cached food. Most of the work that ensued focused largely on hippocampal volume and memory, and the results, although not always consistent, still provided fairly solid support for the idea that scatter-caching birds do have relatively larger HCs than non-caching species (Shettleworth, 2003; Pravosudov & Smulders, 2010) . Comparison of multiple populations of a single species with a wide distribution range (black-capped chickadee) also showed that populations living in harsher environments that impose higher demands for cached food, and therefore for enhanced mechanisms of successful cache recovery (e.g. memory), have better spatial memory, larger hippocampal volumes, and more hippocampal neurons (Pravosudov & Clayton, 2002; Roth et al., 2011a) .
If neurogenesis is involved in memory function, it is plausible that food-caching birds will also have more intensive hippocampal neurogenesis than non-caching species. As scatter-caching species constantly need to form new memories encoding information about newly made caches, it is plausible that neurogenesis is highly adaptive by providing new neurons for new memories. At the same time, caches made during previous years may be either used or lost, and so the old neurons containing these old memories may no longer be needed, and they may be purged to avoid interference. So far, only a single study has compared one food-caching species with one noncaching species, and reported greater hippocampal neurogenesis in the former . Although this study supports the idea of greater neurogenesis in food-caching birds, more species need to be compared in order to establish whether this is a general pattern. One step towards establishing a general trend relating more intensive neurogenesis and food-caching-related memory demands was provided in a study by Chancellor et al. (2011) , who reported greater neurogenesis in black-capped chickadees from harsher environments with more reliance on cached food. Interestingly, chickadees from harsh environments had more intensive hippocampal neurogenesis, both in absolute terms and relative to the larger total number of hippocampal neurons, than birds from milder environments, suggesting higher turnover rates in more northern birds (Chancellor et al., 2011) . It remains unclear whether such differences result from plastic responses to varying memory demands and use or from natural selection, but some preliminary data suggest genetic or early developmental effects (Roth et al., 2011b) . Nonetheless, it has been reported that spatial learning soon after fledging results in increased hippocampal cell proliferation rates in food-caching marsh tits (Parus palustris) (Patel et al., 1997) , and that experimental reduction in memory use via restriction of food caching and retrieval results in lowered hippocampal neurogenesis in fully developed mountain chickadees (Poecile gambeli) . These results strongly suggest that memory use is, indeed, correlated with intensity of hippocampal neurogenesis, but it remains unclear whether increased neurogenesis is simply a consequence of higher memory use or whether increased neurogenesis causally enhances memory function.
Seasonal variation in food-caching behavior presents another excellent opportunity to investigate whether hippocampal neurogenesis is related to potential seasonally changing demands on spatial memory (e.g. Pravosudov, 2006) . The first study of seasonal variation in hippocampal neuron recruitment rates in food-caching black-capped chickadees reported higher neuronal recruitment rates in birds injected with a cell division marker during the potential peak of autumnal food caching (Barnea & Nottebohm, 1994) . Although many interpreted such results as supporting the hypothesis that higher neuronal incorporation rates coincided with the peak of caching, and thus that these new neurons may be important for higher memory demands during caching, others suggested that this interpretation may not be fully justified (Pravosudov & Smulders, 2010) .
The main issue here is that Barnea & Nottebohm (1994) measured neuronal incorporation 6 weeks after injecting the birds with a cell division marker. Hence, when treating birds in October, they measured incorporation several weeks after the potential peak of food caching.
As neuronal production rates were not measured, it remains unclear whether the higher neuronal incorporation rates measured after the caching peak resulted from higher neuronal production rates occurring specifically at the peak of caching, or whether they were attributable to higher new neuron survival rates occurring after the peak of food caching, and therefore were more likely to be influenced by memorybased cache retrieval (Pravosudov & Smulders, 2010) .
It is also possible that seasonal variation in hippocampal neuronal recruitment may be related to large-scale seasonal changes in the environment, such as defoliation of trees, changes in social environment related to flock formation during early autumn, or the use of enlarged home ranges during the non-breeding season (Barnea & Nottebohm, 1994) . Nonetheless, most of these changes occur earlier and prior to the observed peak in hippocampal neuron incorporation in birds injected with a cell division marker in October and sampled 6 weeks later (Barnea & Nottebohm, 1994) . Therefore, it remains unclear what specifically affects neuronal survival and incorporation between October and November to early December in chickadees.
Further studies of seasonal variation in neuron production in blackcapped chickadees found no seasonal differences, and concluded that the results of Barnea & Nottebohm (1994) can only be explained by differences in new neuron survival (Hoshooley & Sherry, 2004) . In the follow-up study, did find seasonal variation in hippocampal neuron recruitment rates 1 week after the injections, but the peak was observed in January rather than in October or soon after October, as in Barnea & Nottebohm (1994) . It is therefore possible that seasonal variation in hippocampal neurogenesis may be unrelated to variation in memory-based food caching, and it remains possible that did not replicate the Barnea & Nottebohm (1994) findings because they only measured 1-week rather than 6-week neuronal survival. Such differences in the age of new neurons make the comparison between the Hoshooley et al. (2007) and Barnea & Nottebohm (1994) studies quite weak, as they investigated seasonal variation in two different populations of new neurons -young, recently born neurons, and mature neurons. It is possible that neuronal production and early survival are not affected by seasonally changing environments, whereas the survival of older new neurons just prior to their incorporation into the existing neural circuits may be susceptible to changes in the environment. More studies are clearly needed to better understand the nature of seasonal variation in hippocampal neurogenesis and the factors directly involved in affecting neuronal production or survival and ⁄ or recruitment.
Interestingly, Smulders et al. (1995 reported seasonal variations in both hippocampal volume and the number of hippocampal neurons, and suggested that chickadees have larger HCs with more neurons during the peak of food caching, in order to process more spatial information about cache locations during caching. However, all attempts to replicate these findings in the same species have failed, and have found no seasonal variation in either hippocampal volume or neuron numbers (Hoshooley & Sherry, 2004; Sherry & Hoshooley, 2009) . It is also important to note that experimental changes in photoperiod had no effect on hippocampal neurogenesis in black-capped chickadees, suggesting that any potential seasonal effects in hippocampal neurogenesis are not driven by seasonally changing photoperiod (Hoshooley et al., 2005) .
Interestingly, captivity has been reported to have a negative effect on hippocampal neurogenesis in wild-caught birds (Barnea & Nottebohm, 1994; LaDage et al., 2010 ; but see Tarr et al., 2009) , but not in hand-reared birds (Roth et al., 2011b) . It is likely that neurogenesis suppression occurs as a result of stress in wild-caught Adult neurogenesis in birds 895 birds placed in captivity, whereas such stress may not be present in hand-reared birds. It is also interesting that juvenile birds appear to have a higher hippocampal neurogenesis rate than adults (Barnea & Nottebohm, 1996) , suggesting a prolonged maturation effect similar to that observed in the song control system .
Overall, food-caching birds provide an excellent model to investigate neurogenesis in both natural conditions and in controlled laboratory environments, because they naturally express memorybased behaviors, which, in turn, could be linked to both the environment and to neural mechanisms such as hippocampal neurogenesis.
Bird migration
Many migratory bird species regularly migrate large distances from their breeding to wintering grounds, returning with remarkable accuracy to the same locations and re-using the same stop-over sites along the migration route (e.g. Bingman & Cheng, 2005) . Birds have been reported to use a variety of navigational mechanisms, including geomagnetic, celestial, olfactory and spatial cues (Bingman & Cheng, 2005) . Spatial, HC-dependent learning appears to be one of these mechanisms that may guide migratory birds over familiar terrain, and it appears to also be involved in creating and maintaining large-scale cognitive navigational maps Bingman & Cheng, 2005; Frost & Mouritsen, 2006) . Hippocampal lesions disrupt landmark-based navigation and prevent the formation of cognitive navigational maps in homing pigeons . In addition, displacement studies showing that adult, but not juvenile, migratory birds may compensate for displacement (Thorup et al., 2007) suggest that learning is involved in the formation of large-scale navigational maps.
Several studies have shown that migratory species and subspecies have better spatial memory and enlarged HCs with more neurons than non-migratory species and ⁄ or subspecies (Healy et al., 1996; Cristol et al., 2003; Mettke-Hofmann & Gwinner, 2003; Pravosudov et al., 2006) . In addition, a very recent study showed that migratory adult birds have more intense hippocampal neurogenesis than non-migratory adults . All of these data suggest that migratory birds do indeed rely, at least in part, on HC-dependent spatial learning for migration, and therefore provide another good model for the investigation of learning and hippocampal processes, such as neurogenesis, within the natural paradigm of migration. It still remains unknown whether migratory birds maintain increased hippocampal neurogenesis throughout the year or only during migration. It is also possible that neurogenesis may increase prior to migration, in order to prepare the HC for heavier memory loads during migration. Birds may have to refresh their memory during every migration, and new neurons may be essential for this process. Finally, it is also possible that increased hippocampal neurogenesis during migration may be a function of intense physical exercise (flight) during migration, as it has been reported that increased exercise may cause an increase in neurogenesis in mammals (e.g. van Praag, 2008 ). An ongoing study (S. Barkan, Y. Yom-Tov, & A. Barnea, in preparation) , which is comparing hippocampal neuronal recruitment in migratory birds with that in resident birds in several closely related species, might provide some answers. To summarize, migratory birds provide a good model to address multiple questions about neurogenesis control, starting from learning and motor stimulation and ending with hormones, as it has been reported that migratory birds have elevated levels of plasma corticosterone specifically during migration (Landys et al., 2004; Nilsson & Sandell, 2009 ).
Sociality
Social environment
Many animal species, including birds, live in complex social environments, and these environments may not always be stable, as individuals move from group to group and are exposed to new individuals. If adult neurogenesis is providing new neurons for the learning of new information (e.g. Nottebohm, 2002) , it may be hypothesized that different social environments present different challenges for learning -very stable small groups may impose the least demands on learning about social settings, and larger, unstable groups may require more information to be learned, and as a result may impose higher demands on the brain. Birds provide a good model to investigate the relationships between social settings, learning, and adult neurogenesis, as they naturally exist in groups of various complexity and dynamics. Lipkind et al. (2002) placed adult zebra finches in three social environments -solitary, pairs, and groups -and found that the numbers of newly added neurons in three brain regions (NC, HVC, and area X) were significantly larger in birds placed in large groups. All three of these brain regions are involved in vocal communication, and Lipkind et al. (2002) suggested that more communications with more group members in larger groups contributed to increased survival of new neurons. In a different study, Barnea et al. (2006) also found that zebra finches maintained in larger groups had more new neurons, both in the NC, and, surprisingly, the HC. Interestingly, this study reported different survival times for new neurons in these two brain areas -neuronal turnover was more intense in the NC than in the HC, suggesting that neurogenesis can be regulated differently in different brain areas, possibly depending on different types of learning. In contrast to Barnea et al. (2006) , a different study with another species found no differences in hippocampal neurogenesis between mountain chickadees maintained either alone, in pairs, or in small groups of four individuals . It is possible that the groups of chickadees were too small for significant differences in neurogenesis to be detected, as zebra finches in the study of Barnea et al. (2006) were maintained in much larger groups (40-45 individuals). Fox et al. (2010) also used doublecortin to measure neurogenesis, which allows the tracking of new neurons only until they are 3-4 weeks old, and provides a combined estimate of neuronal production and survival within that period. Barnea et al. (2006) specifically measured neuronal survival using longer time intervals, from 40 to 150 days. It is also possible that different species may respond differently to changes in social environment. For example, zebra finches occur in large colonies of up to 300 individuals in the wild, whereas chickadees form much smaller groups. Adar et al. (2008a) reported that large changes in social complexity (45 individuals in a group) enhanced the survival of younger new neurons (1 month old) in the NC of zebra finches, whereas less complexity (one male and one female) enhanced the survival of older new neurons (3 months old). Adar et al. (2008a) suggested that younger neurons (1 month old) are not yet committed to a specific function, and a complex social environment may therefore direct them to a new specific task, resulting in longer survival. Three-month-old neurons, on the other hand, have already been engaged, and new learning demands may render them useless.
Interestingly, and in contrast to Barnea et al. (2006) , Adar et al. (2008a) found no differences in new neuron survival, either in the HVC or in the HC, between complex and simple social environments, or between the survival of young (1 month) and older (3 months) new neurons. The main difference between the Barnea et al. (2006) and the Adar et al. (2008a) studies was between the timing of neuronal birth in relation to social changes. Barnea et al. (2006) investigated the survival of neurons born immediately prior to social changes, whereas Adar et al. (2008a) investigated the survival of neurons born either 1 or 3 months prior to social changes. These differences suggest that hippocampal neurons that have already matured may be more resistant to social changes than younger neurons. More studies are needed to better understand the relationship between social complexity and neurogenesis in different brain areas.
Social dominance
Many socially living animals, including birds, form dominance hierarchies, in which socially dominant individuals control most of the resources. In such systems, subordinate individuals may be socially stressed because of aggression by dominants, and, in addition, subordinates may have limited access to many important resources, such as good feeding sites and predator-safe areas. At the same time, in some species, most notably in mammals, it is dominants that are more stressed, because of the constant need to maintain their dominance (Creel et al., 1996) . Interestingly, it appears that there are no known avian systems in which dominants are more stressed than subordinates. Social stress has been suggested to have a negative effect on neurogenesis (Gould & Tanapat, 1999; Kozorovitskiy & Gould, 2004; Gheusi et al., 2009) , but many mammalian studies used species that do not naturally form social dominance hierarchies. Many bird species, on the other hand, naturally form social dominance hierarchies within complex social groups, and thus provide a good model to investigate the effects of naturally occurring dominance interactions on the brain and adult neurogenesis. So far, there has been only a single study showing negative effects of social subordination on hippocampal cell proliferation in food-caching mountain chickadees, and such negative effects were also associated with decreased memory performance (Pravosudov & Omanska, 2005) . These results are somewhat similar to those reported for rats (Kozorovitskiy & Gould, 2004) , except that, in rats, neuronal survival, but not neuronal production rate, was affected by dominance status. Pravosudov & Omanska (2005) did not investigate the effects of dominance on new neuron survival rates, and it is quite possible that it would be affected as well. More experimental studies are needed to better understand whether and how social dominance may affect both neuronal production and neuronal survival in animals, but, in order to separate the effects of social dominance from innate individual properties, it is imperative to manipulate social status experimentally. It would also be important to investigate the effect of social dominance on neurogenesis in brain areas other than the HC (Gheusi et al., 2009) .
Methodological considerations
Neurogenesis is a process that can be quantified, and over the years there has been continued improvement in the detection of newly generated cells and the resolution of stages of neuronal lineage commitment. Here, we focus on only a few labeling methods that are commonly used in birds, and discuss the advantages and drawbacks of these labeling techniques when applied to the avian brain.
DNA replication of stem cells during the S phase can be used to birth-date proliferating cells by supplying exogenous markers that are incorporated into the DNA of the cells. As these markers are retained in the postmitotic cell, they enable the subsequent detection of a cohort of dividing cells that were labeled at a known time, and provide a tool to assess the existence of neurogenesis, possible changes in neurogenesis under different conditions, and the fate of the new neurons at a later date. The traditional approach to detect proliferation is by incorporation of [ 3 H]thymidine, using autoradiography (Sidman et al., 1959) . This technique has been invaluable for the study of the time of origin of neurons in a variety of species, including rodents (Angevine, 1965) and non-human primates (Rakic, 1973 (Rakic, , 1985 . More recently, thymidine analogs have been introduced as an alternative to [ 3 H]thymidine, and bromodeoxyuridine (BrdU) is most commonly used (Miller & Nowakowski, 1988) . Both markers label cells for about 2 h after they are injected systemically (Cameron & McKay, 2001 ) -perhaps for an even shorter time in birds (Alvarez-Buylla et al., 1990) -and so the time at which cell division occurred can be determined with some precision. When determination of the time of cell division is not an objective, multiple injections are often given over a period of several hours or several days, in order to label a greater number of dividing cells.
[ ]thymidine is used, it is difficult to detect the deposition of silver grains in combination with immunoperoxidase labeling for phenotypic markers, owing to their overlap in the cell obscuring visualization. On the other hand, BrdU permits single or multiple labeling with such markers, which are then easily detected by bright-field, fluorescence and confocal microscopy to determine co-localization (e.g. Magavi & Macklis, 2008) . (iii) Unlike the thin sections needed for autoradiography, which limit the detection of labeled cells to the most superficial 3-5 lm, the thicker sections (40-50 lm) that can be used for BrdU make it suitable for designbased stereological quantification. (iv) On the other hand, [ 3 H]thymidine has the advantage of its incorporation being stoichiometric, meaning that silver grains correlate with the percentage of DNA labeled. Therefore, [
3 H]thymidine can be used as a quantitative marker -counting grains allows tracing of the number of divisions that a cell has undergone since treatment (e.g. Hornfeld et al., 2010) . (v) BrdU requires a DNA denaturing step, usually with hydrochloric acid, which results in tissue damage and may produce variation in staining quality (Gould, 2007) . (vi) Another disadvantage of BrdU is that its molecular structure is inherently different from the natural structure of thymidine, which causes steric hindrance. Therefore, at high doses, the abnormalities that it causes in DNA transcription and protein translation might lead to mutation and cell toxicity, compromising the overall health and behavior of the organism (e.g. Kolb et al., 1999) . Furthermore, BrdU causes abnormal proliferation in vivo (Goldsworthy et al., 1992; however, see Hancock et al. 2009 ). Hence, BrdU might affect the very population under examination, and one therefore has to be cautious with regard to the doses and frequency used (e.g. Cameron & McKay, 2001; Burns & Kuan, 2005; Sekerkova et al., 2004; and see review by Taupin, 2007) .
Newly generated cells in the adult brain progress through a series of lineage commitment stages prior to maturation (Kempremann et al., 2004) . Therefore, endogenous markers that are transiently expressed only in the neuronally committed cell population could potentially replace [ 3 H]thymidine or BrdU labeling for detection of neurogenesis. This might be especially important when studying neuronal survival in wild populations, because injected individuals would not need to be released and then recaptured after the required time interval (such as in Barnea & Nottebohm, 1994) . In many bird species, recapture would be extremely difficult, if not impossible. Therefore, in such cases, endogenous markers for the detection of neurogenic activity might provide a good alternative. Several such markers have been described, and the most widely used is doublecortin, which is expressed only in Adult neurogenesis in birds 897 immature neurons (Brown et al., 2003; Rao & Shetty, 2004; Couillard-Despres et al., 2005) . The doublecortin antibody has been validated for both mammals and birds, and it has been established that it is specific for the doublecortin protein (e.g. Francis et al., 1999; Hannan et al., 1999; Brown et al., 2003; Boseret et al., 2007) . Numerous studies have confirmed that doublecortin labels only immature neurons and not astrocytes, microglia, or oligodendrocytes (Brown et al., 2003; Rao & Shetty, 2004; Yang et al., 2004) . In rodents, it has been shown that new neurons cease to express doublecortin at about 2 weeks (e.g. Brown et al., 2003) , whereas in birds it is expressed in new neurons for about 30 days . Most importantly, a few studies have confirmed that doublecortin provides qualitatively the same results as those produced with BrdU (Brown et al., 2003; Couillard-Despres et al., 2005) . Doublecortin has also been validated in birds within an ecologically relevant paradigm of memory use, and food-caching mountain chickadees that were deprived of food caching and cache retrieval had significantly fewer doublecortin-labeled hippocampal neurons than birds that freely cached food and retrieved caches in the laboratory environment . In addition, wild chickadees had significantly more doublecortin-labeled hippocampal neurons than captive birds (Fig. 5) , mirroring the results of Barnea & Nottebohm (1994) , who used [ 3 H]thymidine. The main drawback of doublecortin is that it does not enable a separation between the production and survival of new neurons. Nonetheless, doublecortin is a good alternative to BrdU for investigations of adult neurogenesis in wild birds.
Endogenous markers for mature neurons, as NeuN or Hu, together with a birth-dating marker, allow quantification of new neurons. In the adult avian brain, Hu was found to be expressed by all neurons, but not glia. Hu is also expressed by neuronal daughter cells still within the subventricular zone, and therefore can be used as a very early indicator of neuronal differentiation (Barami et al., 1995) . With such markers, multiple immunofluorescence labeling has become the preferred method for discrimination of labels, owing to its ability to separately excite fluorophores and discriminate their emission on the basis of spectral properties (Fig. 6 ).
Comparison with other groups and evolutionary aspects
In the last few decades, adult neurogenesis has become one of the most research-intensive fields in the neurosciences, and several reviews (e.g. Cayre et al., 2002; Garcia-Verdugo et al., 2002; Lindsey & Tropepe, 2006; Gould, 2007) give a comparative picture of this phenomenon in various taxonomic groups. However, despite much progress, we still know very little about the anatomical organization, species diversity, functional significance and evolutionary history of this trait. The basic cell and molecular biology of adult neurogenesis is of paramount importance, but without a consideration of how the natural environment regulates neurogenesis and how this trait has evolved, our understanding remains incomplete. The current knowledge rests on studies of only several dozen species, only a few of which have undergone detailed anatomical mapping for the presence of this trait (Lindsey & Tropepe, 2006) . Considering that the animal kingdom consists of approximately 1.5 million species, this represents a very tiny sample of the potential diversity of adult neurogenesis.
Comparison with invertebrates
Invertebrates have received little attention with respect to adult neurogenesis, and all of the available knowledge stems primarily from insects and crustaceans. In several insects, neurogenesis has been found in the mushroom bodies, which constitute the dominant integrative center for multimodal inputs, and which might also have a role in learning and memory (Strausfeld et al., 1998) . Hence, neurogenesis in insects might play a similar adaptive role as in birds and mammals. Another possible parallel between invertebrates and birds and mammals is suggested by evidence that, in several crustacean species, adult neurogenesis occurs in the central olfactory pathway (reviewed in Lindsey & Tropepe, 2006; Schmidt & Harzsch, 1999) . This might indicate a similar role to that in mammals, in which new neuronal recruitment to the OB is pronounced, and also to that in birds, in which neuronal recruitment in the OB has been reported, although to a lesser degree than in other brain regions (Barkan et al., 2007) .
Comparison with other vertebrates
Adult neurogenesis has been identified in all vertebrate species that have been examined so far, and the proliferative birthplace of new neurons in many other vertebrates resides, as in birds, in the subventricular zone (SVZ). However, despite the sharing of this common feature, numerous differences in neurogenic compartments between vertebrate classes have been reported distal to this region. Proliferation and neuronal differentiation in vertebrates other than birds and mammals are more pronounced, and neurogenesis has been shown to occur in many more regions than in the mammalian brain. Interestingly, however, the OB and areas thought to be equivalent to the mammalian DG are still among the most neurogenic regions. The greatest number of proliferation zones is found in the teleost fishes (reviewed by Zupanc, 2008) , and evidence suggests that the rate of cell proliferation is also much higher in the adult fish brain than in the adult mammalian brain. population (Zupanc & Horschke, 1995) . In contrast, in the DG of adult rats, 9000 cells are formed daily (Cameron & McKay, 2001 ), corresponding to 0.003% of the estimated 330 million cells in the whole brain of adult rats (Herculano-Houzel & Lent, 2005) . As in birds and mammals, proliferation activity in fishes appears to decrease with age (Kranz & Richter, 1975) , and apoptosis occurs concomitantly with neurogenesis, and thus could regulate the rate of birth of newly formed cells (Soutschek & Zupanc, 1996) . As in mammals, and to a lesser extent in birds, adult neurogenesis in the olfactory epithelium has been observed in several amphibians (reviewed in Lindsey & Tropepe, 2006) . Reptiles, like birds, contain only one neurogenic region during adulthood, which is localized in the walls of the VZ, an area that is believed to be homologous to the DG in the mammalian HC, and that has been compared with the 'hot spots' in the avian VZ (reviewed in Lindsey & Tropepe, 2006) . In addition to songbirds, which have played a pivotal role in the study of adult neurogenesis, rodents have provided another traditional model, and, more recently, mammalian research has been extended to New and Old World primates and postmortem humans. In contrast to the avian brain, in which the VZ is the only neurogenic area, in the mammalian brain new neurons are produced in both the SVZ (also known as periventricular zone or subependymal zone) lining the lateral ventricle, and the subgranular zone of the DG of the HC (reviewed in Taupin & Gage, 2002) . There have been extensive analyses of these two neurogenic compartments (e.g. Alvarez-Buylla & Lim, 2004; Doetsch & Hen, 2005; Ming & Song, 2005; Lindsey & Tropepe, 2006) . Unlike in birds, where cells generated in the VZ migrate to most of the telencephalic areas, in mammals the neurons born in the SVZ migrate almost exclusively in the OB, where they differentiate into interneurons (Corotto et al., 1993) . In the HC, the proliferative cells give rise to new granular cells and glia cells, and therefore, in this case, the migration of new neurons is reduced. There is evidence for adult neurogenesis in several additional areas, including the neocortex, amygdala, and substantia nigra, but this evidence has been difficult to replicate consistently (reviewed in Gould, 2007) . As in birds, mammalian neuronal replacement is highly dynamic, can be modified by many internal and external factors (e.g. reviewed in Ming & Song, 2005) , and may be central for mediating behavioral tasks that are based on learning and memory (Doetsch & Hen, 2005) .
Neuronal turnover
Another interesting comparative feature of adult neurogenesis is neuronal turnover, which is the death of mature neurons in a local circuit in order to compensate for the insertion of newly recruited neurons. It is worth noting that, in all vertebrate models (fish, birds, and mammals), neurogenesis and apoptosis occur simultaneously and appear to be tightly linked (reviewed in Cayre et al., 2002) . The integral role of apoptosis in adult neurogenesis has also been found in lobsters, where the birth and death of neurons in the olfactory pathway appear to be coupled together . However, many questions still remain with respect to the relationship between neuronal turnover and the regulation of circuit function and, ultimately, behavior. For example, there is evidence that maturation periods of newly generated neurons differ between species (Ngwenya et al., 2006) . How do such differences compare with the rate of HCdependent learning and memory acquisition between species? The answers to such questions, from various taxonomic groups and species, will enable a better understanding of the role of neurogenesis in circuit plasticity and behavior.
Regulation by internal and external factors
As in birds, neurogenesis and new neuronal survival appear to be regulated by both internal and environmental cues in other groups. In invertebrates, mushroom body neurogenesis has been found to be regulated by hormones (reviewed in Cayre et al., 2002) . In nonmammalian vertebrates, the neuropeptide somatostatin seems to be an important regulator of neurogenesis in the adult brain (Zupanc, 1999a,b) . In the mammalian brain, Gould and colleagues have shown that adrenal hormones inhibit both neurogenesis and apoptosis, and also regulate the migration of newly produced neurons (reviewed in Cayre et al., 2002) . Such regulation implies physiological consequences -for example, stress, which increases glucocorticoid levels, inhibits the proliferation of granule cell precursors (Gould et al., 1997 (Gould et al., , 1998 . However, unfortunately, not much is known about how stress may affect adult neurogenesis and neuronal recruitment in birds, and future studies are needed. External environmental conditions also play a role in the regulation of adult neurogenesis. As in birds, seasonal variation in neurogenesis and neuronal recruitment occurs in other groups, such as amphibians (Chetverukhin & Polenov, 1993) , reptiles (Ramirez et al., 1997) , and mammals (Huang et al. 1998) . Sensory inputs also influence adult neurogenesis in many other species apart from birds. For instance, an enriched environment increases neuronal proliferation rates in crickets (Scotto-Lomassese et al., 2000) and in crayfish (Sandeman & Sandeman, 2000) . Similar observations were reported in mammals, and the evidence suggests that growth factors may mediate the effect of the environment on neurogenesis (reviewed in Cayre et al., 2002) .
Neurogenesis as a general phenomenon
Overall, it appears that similar processes underlie neurogenesis in the adult brains of invertebrates and vertebrates. In both groups, this phenomenon occurs in important brain structures that display remarkable analogies, as they receive multiple sensory information and play a central role in learning and memory processes. Hence, adult neurogenesis is of fundamental biological importance, and unraveling the origin of this trait and the selection pressures that have given rise to its presence or absence is a great challenge. An initial step to addressing the phylogenetics of adult neurogenesis is making structural and functional comparisons between simple and more complex animals. Among vertebrates, adult neurogenesis seems to be an evolutionarily conserved trait, and comparisons across vertebrate taxa suggest that it is likely to have arisen in a common ancestor (Zupanc, 2001) . However, more derived species (i.e. birds and mammals) have undergone a reduction in this trait. Moreover, reptiles and birds, which are phylogenetically closely related, share a single neurogenic region in the lateral VZ (Fig. 2B in Lindsey & Tropepe, 2006) . Thus, cladistic analysis of such trends is important for understanding this phenomenon.
The precise driving forces and selection pressures contributing to the preservation of adult neurogenesis will be revealed once we understand the relationship between the plasticity of this trait and its function. It has been suggested that adult neurogenesis is a remnant of embryonic development, rather than an adaptation to specific selective pressures in adult life. However, as there are major differences between embryonic and adult neurogenesis, regulatory mechanisms may have been partly co-opted for a specifically adapted adult function. As Lindsey & Tropepe (2006) advocated, a comprehensive analysis of adult neurogenesis in various vertebrate and invertebrate species will lead to a more complete understanding of its origin.
Perspectives, future directions, and possible implications
The formation of the nervous system has been widely studied during development in species and models of different evolutionary origins. However, it is now clear that central nervous system plasticity does not cease at the end of development. Thus, the dogma of neural fixity in the brain of adult animals is no longer valid, especially as neurogenesis has been demonstrated in the brains of various adult invertebrate and vertebrate species. In addition, the discovery of neurogenesis in human brains (Eriksson et al., 1998) led to additional interest from neurobiologists. However, despite much progress, neurogenesis, new neuronal turnover and their functional significance and evolutionary aspects are not yet fully understood. In this section, we highlight several issues that might be important when considering future directions and studies.
Comparative investigations
As mentioned before, we still know little about the species diversity of adult neurogenesis, and our current knowledge rests on studies of only several dozen species from various phyla and classes. A continuing reliance solely on the current model organisms will prevent our ability to obtain a full understanding of adult neurogenesis, including its regulation and functions. Therefore, comparative investigations should be extended to more species in different taxonomic groups, in order to determine the diversity and plasticity of adult neurogenesis. Such an interclass investigation might yield insights into questions such as why phylogenetically older vertebrates (i.e. fish) display more neurogenic compartments than modern vertebrates (i.e. mammals). Examples of this approach in insects, crustaceans and reptiles are reviewed by Lindsey & Tropepe (2006) .
Extending the comparative investigation is also worthwhile within classes or related groups of species, especially when species-specific variation is observed. In birds, the first and classic model for the study of adult neurogenesis was the relationship between singing behavior and the song control system, which is undoubtedly a powerful model, for several reasons. For example, song learning has parallels with speech acquisition -like humans, songbirds must hear the sounds of adults during a sensitive period, and must hear their own voice while learning to vocalize. The capacity for such hearing-dependent vocal learning is not widespread, and, apart from humans, no primates have been shown to learn their complex vocalizations. Among the rest of the mammals, only whales and dolphins and some bats show evidence of vocal learning (Brainard & Doupe, 2002) . Another reason why the song system is a powerful model is that it includes discrete brain structures that are required for singing, which is a well-defined and quantifiable behavior. Indeed, this model, which has been tested in several avian species, has provided important insights into basic issues in neuroscience, such as perceptual and sensorimotor learning, regulation of plasticity, and the control and function of neurogenesis. However, in addition to the song control system, it is important to study the relationships between the brain and behavior, as well as the internal and external factors that influence these relationships in other avian models. Such relatively new models (e.g. food caching, breeding, migration, and sociality) have been used in recent years, and have already provided interesting insights, as have been discussed in various parts of this review. A broader and deeper understanding of adult neurogenesis, including its regulation and functions, will be achieved if these models, as well as additional ones, are further used in a variety of species that differ in their biology and natural history.
Biological relevance and context
Most studies of adult neurogenesis focus on laboratory experiments, in which animals are kept in 'standard housing' that affords little opportunity for sensory, cognitive or motor stimulation. However, a growing body of evidence, from various systematic groups, suggests that enriched environments have significant effects on the mechanisms of experience-dependent plasticity, including adult neurogenesis (reviewed by Gould & Gross, 2002; Lindsey & Tropepe, 2006; Nithianantharajah & Hannan, 2006) . These effects raise the question of how representative laboratory studies are when contrasted with those conducted in the species' natural environments. There is no doubt that laboratory experiments are important for our understanding of the basic mechanisms that underlie the complex phenomenon of adult neurogenesis. Nevertheless, it is critical that we approach the results obtained with laboratory-bred or captive animals with caution, and not take for granted that the same findings will apply to animals in natural environments. To minimize the problem, we should, at the very least, try to provide the animals with enriched (physical or social) conditions, to ensure that the question asked is being tested, as much as possible, in the right biological context.
Another direction at which we should aim is to take the neurobiological studies into the field and thereby avoid the problems caused by the simplified laboratory setup. For example, it has been shown that some attributes, such as brain volume (e.g. , hippocampal volume (e.g. LaDage et al., 2009; Tarr et al., 2009) and new neuronal recruitment (Barnea & Nottebohm, 1996; LaDage et al. 2009) , are affected by captivity. Hence, the importance of studying natural populations is obvious, and has already been emphasized in relation to various systematic groups (Amrein et al., 2008; Barnea, 2009 Barnea, , 2010 Boonstra et al. 2001; Lindsey & Tropepe, 2006) . Despite growing awareness of the importance of conducting research in appropriate behavioral and ecological contexts, for obvious reasons, many of the studies are still carried out under laboratory settings. It is crucial to understand that even the most enriched laboratory environment is infinitely poorer than the natural environment for most vertebrate species. It is quite likely that what we see in all laboratory studies is significantly reduced neurogenesis that never reaches the normal natural levels, and so the conclusions that environmental enrichment enhances neurogenesis may need to be reconsidered and reformulated to reflect the more likely phenomenon that an impoverished environment impairs neurogenesis. It is important to investigate whether enriching an already natural environment has any effect on neurogenesis. Finally, studying neurogenesis in wild animals may provide a better model to understand all of the variables that may indeed regulate neurogenesis in natural conditions. Therefore, promoting studies natural populations should be a major aim in the study of brain plasticity, and should be regarded as an important complement to laboratory experiments. To be successful, this requires an integrative approach that will necessitate collaboration between ethologists, evolutionists, anatomists, physiologists, and neurobiologists.
Therapeutic implications
The discovery that new neurons are added to several regions in the adult brain, and the characterization of adult neural stem cells in mammals, have generated considerable interest in the scientific community, with the goal of developing new cell-based regenerative treatments for neurodegenerative diseases, spinal cord injury, and acute damage caused by stroke. Indeed, the number of new neurons and its modulation by a variety of factors indicate that adult Adult neurogenesis in birds 901 neurogenesis is a significant phenomenon, and it has been offered as a possible key to understanding phenomena such as depression, Alzheimer's disease, and schizophrenia. The growing interest in this direction is reflected in several recent reviews. For example, in the book Adult Neurogenesis (edited by Gage, Song and Kempermann) , a whole section is dedicated to the possible relationships between adult neurogenesis and disease, with chapters on hippocampal neurogenesis and depression and anxiety (Sahay et al., 2008) , evidence for the involvement of neurogenesis in neurodegenerative diseases (Brundin et al., 2008) , neurogenesis, and epilepsy (Jessberger & Parent, 2008) , and the effects of stroke on adult neurogenesis (Lindvall & Kokaia, 2008) .
The growing understanding of the complexity of song and its importance to birds, along with the growing acceptance of the claimed feats of memory and reasoning exhibited by birds, has led to a re-examination of the structure and function of the avian brain (Jarvis et al., 2005) . The consortium reviewed studies indicating that the avian hyperstriatum, neostriatum and archistriatum might be homologous to mammalian pallial regions, and presents two working hypotheses about homologies between avian and mammalian pallial subdivisions. The nuclear-to-layered hypothesis suggests that the lateral, ventral and dorsal pallial subdivisions of birds are homologous to the mammalian neocortex. The nuclear-to-claustrum ⁄ amygdala hypothesis states that the avian dorsal pallium is homologous to the mammalian neocortex and that the avian lateralventral pallium is homologous to the mammalian amygdala and claustrum. The consortium concluded that the evidence is still not strong enough for any specific proposed homology to be incorporated into a new pallial terminology. Therefore, instead of the three traditional striatal subdivisions (hyperstriatum, neostriatum, and archistriatum), it renamed four main subdivisions in the avian pallium (hyperpallium, mesopallium, nidopallium, and acropallium). Similarly, in mammals, in the absence of a universally accepted alternative to neocortex (or isocortex), the consortium proposed the term 'six-layered cortex'. It further stated that, as quite sophisticated cognitive functions are carried out by the six-layered cortex in mammals and by the nuclear pallial areas in birds, the former is not the only neuroarchitectural solution for the generation of complex cognitive behaviors.
These conclusions are consistent with recent paleontological findings indicating that the paths leading to mammals and birds digressed millions of years ago, when ancestral amphibians gave rise to stem amniotes and subsequently to parallel paths of evolution -one leading to reptiles and birds, and another leading to mammals. These findings are combined with another, relatively recent, paleontological discovery that birds evolved from reptiles 50-100 million years later than the development of mammals from their precursors (Carroll, 1988; Evans, 2000 ; reviewed by Gordon, 2010; Jarvis et al., 2005) . Thus, the organization of pallial domains in the avian brain is a relatively modern development, as opposed to the conventional view, which regarded the avian brain as more primitive than the mammalian brain; therefore, discoveries with respect to the avian brain are no longer considered to be irrelevant to questions of human neurophysiology and medicine. Because, for the reasons explained above, birdsong is a powerful model to study adult neurogenesis, understanding brain function in birds might provide insights for advancing methods of brain repair. For example, the observation that birds that incorporate new neurons nonetheless have an unchanging adult song is of interest. Even the disruption of adult zebra finch song that is triggered by ablation of RA-projecting neurons is followed by the gradual recovery of song to its pre-ablation state (Scharff et al., 2000) . Songbirds thus provide an example of a system where learned capacities and memories persist despite neural turnover. The mechanisms underlining this reliance on cell loss and replacement may be particularly relevant, and there are strong hopes that future studies will lead to cures for human brain damage and disease.
Obviously, the ability to change the neuronal population in conjunction with the ability to alter the connections between neurons provides the brain with the potential to modify itself -to learn -at timescales ranging from milliseconds to minutes to weeks. Undoubtedly, our understanding of the added possibilities is just the beginning, and the full story and potential behind this process are not yet realized. However, in relation to the possibility of using our growing knowledge about neuronal replacement for medical applications, we should end with a word of caution. Several investigators (e.g. Gould & Gross, 2002) have already indicated that, although the desire for further study on adult neurogenesis to advance methods for brain repair is strong, one has to be careful in hoping that it will provide answers to a wide array of previously intractable problems.
